Rapid determination of the three-dimensional structures of mutant proteins is so highly embedded within the discipline of protein engineering that it almost seems a routine part of the process of analyzing mutant function. However, in the early days of protein engineering, the time and energy involved in determining mutant structures were substantial compared with today and the dividends unclear. Here is a brief perspective on the determination of the first crystal structures of sitedirected mutants of the tyrosyl-tRNA synthetase-an enzyme used to establish many of the early principles of protein engineering.
Rapid determination of the three-dimensional structures of mutant proteins is so highly embedded within the discipline of protein engineering that it almost seems a routine part of the process of analyzing mutant function. However, in the early days of protein engineering, the time and energy involved in determining mutant structures were substantial compared with today and the dividends unclear. Here is a brief perspective on the determination of the first crystal structures of sitedirected mutants of the tyrosyl-tRNA synthetase-an enzyme used to establish many of the early principles of protein engineering. Keywords: crystallography/site-directed mutants/tyrosyltRNA synthetase Attending the recent meeting marking the closure for the Centre for Protein Engineering (CPE) in Cambridge reminded me of how lucky I was to have been a part of the field of protein engineering at its very early days. I had the privilege to carry out my PhD studies at Imperial College London with Professors David Blow, FRS, and Sir Alan Fersht, FRS, from 1985 to 1988 . I mainly worked on the determination of crystal structures of site-directed mutants of the Bacillus stearothermophilus tyrosyl-tRNA synthetase (YTS). It was hoped that the three-dimensional structures of site-directed mutants of YTS would provide additional insight into understanding the function of this protein. I think it is fair to say that determination of the structures of mutants was not viewed as a 'challenging' project for one who was training to be a protein crystallographer in the mid-1980s-there was an enormous focus upon ab initio crystal structure determination. Although I was very interested in learning protein crystallographic techniques, I also wanted to carry out functional characterization of proteins using complementary biochemical techniques-the latter interest kindled by working with my father when I was an undergraduate at the University of Texas at Austin. When David offered me this structure-based protein engineering project I was thrilled-it seemed like a gift to me. I was also extremely grateful to Alan who made space for me in his laboratory where I constructed mutants and characterized their enzymatic function with the help of various laboratory members who provided advice and technical assistance during my time there.
Determination of the crystal structures of YTS mutants was a prime focus of my PhD project and although perhaps did not present the same level of technical difficulty as solving a new crystal structure, in the mid-1980s, there were many challenges. My own work was mainly focused upon residue 51 in the YTS. Mutants had been constructed in the laboratory of Sir Greg Winter, FRS, and functionally characterized in the Fersht laboratory. Previous studies had shown that mutations of this residue had varying effects upon the activity of the enzyme. Of particular interest was the T51P mutant that demonstrated a 25-fold increase in activity (k cat / K M ) compared with the wild-type enzyme . Detailed analysis of the reaction pathway suggested that the key effects of the T51P mutation were mainly due to an increased affinity for all complexes in the reaction pathway involving the bound intermediate tyrosyl adenylate (Ho and Fersht, 1986) . It was also hypothesized that the introduction of a proline at this position in the structure may have distorted the helix in which this residue was located, and that related conformational changes and changes in the hydrogen bonding interactions contributed to the increased activity of this particular mutant .
Purified recombinant protein of T51P had been provided to David Blow's laboratory, and some crystallization trials had been undertaken yielding small crystals that were available to me at the start of my PhD studies. However, it is also important to understand a little about the limitations we had in solving crystal structures during this period. First, cryofreezing techniques were not in common use, so our crystals were still mounted wet in capillaries and thus subject to rapid degradation from radiation damage. YTS crystals grew as thin hexagonal plates that took from 6 to 18 months to reach a size that could be used for data collection-larger crystals were necessary then given the sources at the time and the lack of cryo-protection techniques. It was also necessary to stand (or mount) these crystals in liquid on their thin side (ca. 50 mm wide), perfectly parallel to the ends of a 1 mm quartz capillary tube using a glass fiber. Dr Peter Brick, then a postdoctoral researcher in David Blow's group and a highly skilled crystallographer, was quite expert at this maneuver and demonstrated to me how to do it. He had already been working on structures of the wild-type YTS enzyme, including the structure of the complex YTS with the stable tyrosyl adenylate intermediate. This complex was used to guide the selection of residues for mutagenesis studies (Bhat et al., 1982; Fersht et al., 1985; Brick et al., 1989) . I freely admit that I destroyed a number of crystals learning to perfect my techniques for manipulating crystals, and this was upsetting as I was well aware how much effort others had put in to produce them. However, these crystals could never 'stand' in their capillary tubes during the journey from London to the synchrotron facility at Daresbury. I therefore had to perform this maneuver at about 6 a.m. each morning before data collection beganand I had to be careful! I also learned that mounting crystals as the day progressed became harder and harder, especially in the middle of the night when exhaustion left you with limited manual dexterity-but sometimes I had to do this under those circumstances too. I was clearly 'affected' by this one critical step in the process.
Data were collected on film, in house and at the synchrotron, and in both cases films, were developed on-site. A successful synchrotron data collection involved excellent teamwork among colleagues in order to obtain as much data from as many crystals as possible in a 24 h shift. One person would load films in cassettes in the darkroom, others would work together collecting data on the rotation camera at the beamline (often solving hardware and software problems 'on the fly'), and someone else would be working furiously in the darkroom developing films to free up the cassettes for the next round of data collection. These 'difficulties' were typical for anyone who was collecting protein crystallographic data during this period of time (and could be much worse, especially if there were technical problems with the stability of the synchrotron source during your visit). It was a very slow throughput process compared with today's robotic screening, but I also found the experience to be satisfying as one developed an in-depth understanding of the processes involved in collecting X-ray diffraction data-and obtaining a good data set was a genuine technical accomplishment.
Upon returning to the laboratory in London, the next stage in the process involved scanning the films using a microdensitometer. A complete data set could be collected with about 15 film packs (a small number because of the high symmetry of these crystals). Even so, it could take more than a month to scan, index and process the raw data collected. Correct indexing was a particular challenge that often required considerable manual alignment-something I learned with the help of Peter and Dr Alan Wonacott, a senior member the laboratory who provided me with considerable advice and guidance on many of the hands-on techniques. He and Dr Andrew Leslie were actively involved in developing the MOSFLM package (Leslie, 2006) at that time and having their expertise in the laboratory was truly invaluable. I did not realize how fortunate I was have access to such great experts until I left for my postdoctoral studies. David Blow deserves considerable credit here for creating such a stimulating and technically supportive environment. I always believed that my work would be successful and I think this was because I knew that there was always someone whom I could ask for help and advice to move my project forward. I should add that this working environment was also mirrored in Alan Fersht's laboratory where I carried out the bulk of my mutagenesis and kinetics studies.
In his talk at the recent CPE closure meeting, Professor Robin Leatherbarrow from Imperial College London spoke about how it was to work in protein engineering in these early days and described how we used one of the first Evans and Sutherland PS300 graphics systems for visualization of YTS (an incredibly expensive machine by today's standards). He also described how we relied upon photography and line drawings made with incredibly idiosyncratic software with a pen plotter to report our structures and models in publications (see Supplementary Fig. S1 for an example). Manual model building of crystal structures was done with the graphics system using the innovative program FRODO (Jones, 1985) , and that step was followed by refinement of the structure using a restrained least-squares algorithm implemented in state-of-the-art software PROLQS (Hendrickson and Konnert, 1980 )-but again the process was very slow (weeks to months) compared with that could be done with current software (hours to days). Looking back on all of this now, it is not so surprising that it took over a year to actually determine the T51P structure that was eventually published (Brown et al., 1987; PDB code 1TYC) . I also determined the crystal structures of three other mutants at residue 51, T51A, T51G and T51S, during the remainder of my PhD studies (PDB codes 1TYA, 1TYB and 1TYD, respectively). For the sake of completeness, a brief methods section is provided in the Supplementary data and a summary of the data collection and refinement details are given in Supplementary Tables S1 and  S2 . It is also worth noting that crystallization of these mutants was initiated in both the first and second years of my PhD studies, under the guidance of Dr Lesley Hare, but crystals were not of sufficient size for data collection until halfway through the third year of my PhD studies-a reminder that the process was still very slow by today's standards for such relatively simple and straightforward experiments.
A common feature of all these position 51 mutants is that none appeared to significantly perturb the structure of the enzyme. All were simple substitutions of the original threonine that caused little perturbation of the local structure. Further analysis of the data led to a few fundamental conclusions about the structure-function relationships involving this residue in the YTS enzyme. These conclusions are summarized as follows.
1. The lack of perturbation of the structure, although perhaps initially uninteresting, demonstrates that the mutations were altering only local interactions and did not appear to cause large global or distal structural changes. This is perhaps an 'ideal' result in terms of using site-directed mutagenesis to study the role of specific interactions between the enzyme and its substrate, product and/or intermediates along its reaction pathway. This method of probing structure without introducing conformational changes is almost taken for granted today, but in the late 1980s, few examples existed. This conclusion from crystallography, that mutations at residue 51 had only local effects, was also supported by kinetic analysis and double-mutant cycles of Thr51 with two other spatially nearby residues, Cys35 and His48, located in the active site of YTS. This highly sensitive analysis showed very little thermodynamic linkage between residues Cys35 and Thr51 (0.4 kcal/mol) and a small linkage (around 2 kcal/ mol) between residues His48 and Thr51 .
2. It became more obvious, upon comparison and superposition of these mutant structures, that changes in activity in YTS at position 51 were not only related to the loss of possible hydrogen-bonding interactions, but also the enhancement of activity correlated with an increase in the hydrophobic character at this position. This led to the hypothesis that for residue 51, van der Waal's forces were important for stabilizing the interaction of the T51P mutant with tyrosyl adenylate.
3. These crystal structures further emphasized that our ability to predict protein structure -function relationships was fairly naïve. Understanding the functional role of residue 51 was clearly improved by the availability of structural information for these mutants. However, the crystal structures alone were not enough to provide an 'obvious' explanation for the different activities of mutants at residue 51-one really had to look at the whole of the functional and structural data together to begin to understand what made biochemical sense.
The conclusions drawn from this work may now seem obvious or even trivial given that vast amount of information available about engineered proteins. However, in the context of the mid-to-late 1980s, we were still in the early days of establishing how could analyze a rich set of functional data with perhaps from only a single snapshot of one state of the structure. In addition, these early protein engineering studies also emphasized how important it was to move from a twodimensional to a three-dimensional understanding of enzyme-catalyzed reactions-a way of thinking which I still consider to be challenging and where protein engineering can still play a vital role in providing chemical insight.
There are many people who played key roles in helping me to solve some of the first mutant structures of YTS. I would also like to specifically acknowledge the other members of David Blow's group, not mentioned above, who helped me in this endeavor: Mr John Akins, Dr Patrice de Meester, Dr Kim Henrick and Dr Tadeusz Skarzynski-all of whom provided me with invaluable help and advice. Finally, I would like to again thank David Blow, who supported me throughout this project and of course Alan Fersht who provided me with considerable laboratory support and the vision to see that determining mutant crystal structures was a valuable pursuit to aid the interpretation of data arising in these early protein engineering studies.
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